We conducted shearing tests on samples spanning key fault zones recovered from Integrated Ocean Drilling Program (IODP) Sites C0004 and C0007 from Expedition 316 to the Nankai Trough offshore Japan. Results of slide-hold-slide and normal stress stepping procedures allow quantification of frictional healing, time-dependent compaction, and compressibility of sheared gouge layers. Samples were sheared as thin layers in the double-direct shear configuration at 25°C in a true-triaxial pressure vessel at constant effective normal stress of 25 MPa and pore pressure of 5 MPa using a water-based brine saturated with 3.5 wt% NaCl. We monitored the poromechanical drainage state during shear by holding the pore pressure at the upstream end of the sample at 5 MPa while monitoring the downstream pore pressure. Friction constitutive behavior was determined using slide-hold-slide tests in which hold times ranged from 1 to 1000 s. Frictional healing rates range from ~0.003 to 0.008 per decade, with slightly higher rates measured for samples from Site C0004 than from Site C0007. Both sites exhibit similar compaction rates of ~0.002-0.007 per decade during holds. Both frictional healing and compaction correlate very well with the logarithm of hold time, with R 2 > 0.95. For Site C0004 samples, compressibility was found to be ~1-4 GPa -1
Introduction
Geomechanical measurements of sediment deformation are essential for understanding sediment dynamics and faulting processes in convergent margins. During the interseismic period, faults build up stress that is relieved during earthquakes. Here, we employ slide-hold-slide tests during 16 friction experiments in order to simulate the seismic cycle (Dieterich, 1972) . From these experiments, we extract rates of frictional healing and associated rates of compaction during hold periods. We also measure the compressibility and Young's modulus of the sheared, saturated sediment, which are basic and important elastic parameters. Hydrologic properties of rock and sediment, for example, are controlled by the elastic response of a porous media to applied stresses (e.g., Biot, 1941 ). The samples we tested were recovered during Integrated Ocean Drilling Program (IODP) Expedition 316, part of the Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE) project, in [2007] [2008] . During this expedition, several sites were drilled and cored along a transect offshore of the Kii Peninsula, Japan (Fig. F1) , to investigate shallow fault zones. We studied samples from two sites: IODP Site C0004, which sampled the shallow portion of a major out-of-sequence thrust fault (the megasplay fault), and IODP Site C0007, which sampled the frontal thrust region near the toe of the accretionary prism (Fig. F2) .
Sample descriptions Site C0004
We tested eight samples from the megasplay fault zone at Site C0004 (see the "Expedition 316 Site C0004" chapter [Expedition 316 Scientists, 2009a] ), including two samples from the accretionary prism (hanging wall), four samples from within the megasplay fault zone, and two samples from underthrust slope sediments that comprise the footwall (Table  T1) . Sample depths ranged from 119.3 to 357.1 meters below seafloor (mbsf); the megasplay fault zone is located between 258.0 and 307.5 mbsf. Within the depth interval of our samples, total clay mineral content ranges between ~40 and 70 wt% and combined quartz and plagioclase content ranges from ~25 to 55 wt% (see the "Expedition 316 Site C0004" chapter [Expedition 316 Scientists, 2009a] ). One hanging wall sample (from Section 316-C0004C-15X-2) and one footwall sample (from Section 316-C0004D-47R-2) were trimmed from whole-round cores and tested as intact wafers. All other samples from this site were dried at a low temperature of ~40°C (to prevent clay mineral transformation that may occur at higher temperatures), powdered with a mortar and pestle, and sieved to a uniform grain size of <106 µm. This processing was utilized because many samples, especially those from within the fault, were recovered in brecciated condition.
Site C0007
We tested eight samples from the frontal thrust region at Site C0007 (see the "Expedition 316 Site C0007" chapter [Expedition 316 Scientists, 2009b] ), which were sampled from 103.6 to 437.2 mbsf. Site C0007 penetrated the accretionary prism near the trench, including three fault zones located at 237. 5-259.3, 341.5-362.3, and 398.5-446 .0 mbsf (see the "Expedition 316 Site C0007" chapter [Expedition 316 Scientists, 2009b] ). We tested one sample from the shallowest fault zone (in Section 316-C0007D-9R-2) and two from the deepest fault zone (in Sections 316-C0007D-27R-1 and 29R-1). Other samples are from the trench-wedge facies and the lithologic equivalent of the upper Shikoku Basin facies sampled during Ocean Drilling Program (ODP) Leg 190 (Shipboard Scientific Party, 2001) (Table T1) . Within the depth interval we studied, combined quartz and plagioclase content ranges from ~50 to 75 wt% at the top of the section and decreases with depth to ~30 wt%, whereas clay content is ~25-50 wt% at the top of this section and increases to nearly 70 wt% bỹ 360 mbsf. Three samples from this site were tested as intact wafers trimmed from whole-round cores. Other samples were tested either as powders (which were rehydrated in the sample assembly), remolded wet (cold-pressed into the sample assembly), or tested as breccia with no additional sample preparation (Table T1) .
Experimental methods
We conducted experiments using a biaxial testing apparatus with servo-hydraulic control under truetriaxial stress conditions and controlled pore pressure (Fig. F3 ). Samples were sheared as 5.4 cm × 5.7 cm layers with thicknesses ranging from ~1 to 4 mm under load. Samples were jacketed, subjected to confining pressure, and saturated with 3.5 wt% NaCl brine as pore fluid. Effective normal stress was maintained at 25 MPa and includes the combined effects of confining pressure (P c ), externally applied normal load, and pore pressure (P p ). This value of effective stress was chosen for two main reasons: (1) it simulates effective stress conditions near the updip limit of the seismogenic zone (Moore and Saffer, 2001) and (2) it facilitates comparison with our previous experimental work using simulated clay-rich fault gouge (Ikari et al., 2009) . The specimens were sheared between steel forcing blocks in the geometry shown in Figure F3 . During shear, P c was held constant at 6 MPa, pore pressure at the upstream end of the sample (P pa ) was held constant at 5 MPa, and the downstream pore pressure (P pb ) was set to a no-flow (undrained) condition in order to monitor pore pressure in the layer (e.g., Ikari et al., 2009 ).
In each experiment, shear was implemented as a displacement rate boundary condition (11 µm/s) at the gouge layer boundary. The resulting shear stress (τ) was measured and the coefficient of sliding friction (µ) was calculated by (Handin, 1969) :
where c = cohesion (assumed to be negligible) and M.J. Ikari et al.
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After attainment of steady-state shear stress (typically at a shear strain of ~5), the velocity was increased step-wise in half-order of magnitude increments within the range 0.03-100 µm/s in order to measure friction constitutive parameters, the results of which are reported by Ikari and Saffer (2011) . This was followed by a slide-hold-slide sequence performed to measure the frictional healing parameters reported here. Records of shear stress during shearing are shown in Figures F4 and F5 . During each hold, the vertical ram was held stationary for prescribed hold times of 1, 3, 10, 30, 100, 300, or 1000 s, between which the sample was sheared for a boundary displacement of 500 µm at 10 µm/s. Upon reinitiating shear, friction reaches a peak value (µ peak ) then declines to its prehold steady-state value (µ ss ) (Fig.  F6) . We measured the change in friction (Δµ) after each hold:
The slope of Δµ versus the logarithm of hold time is the healing rate, here denoted as β (per decade, or tenfold time increase) (Marone, 1998) . Here, we report β for hold times of 10-1000 s to avoid biasing due to nonlinearity at very low hold times. We were also able to make quasistatic compaction measurements (Δh) during the hold period (Fig. F6) . We report compaction during hold periods as normal strain (ε):
where h is the instantaneous layer thickness immediately prior to a hold. Compaction rates were calculated using the slope of ε versus the logarithm of hold time, also over the range 10-1000 s.
For samples from Site C0004, after shearing we cycled the applied normal stress in ~6 MPa steps, in order to independently measure sample compressibility (C) (MPa -1 ) (Fig. F7) . From each step we measured the normal strain induced by a change in effective normal stress, which is the Young's modulus (E) (MPa) (Jaeger et al., 2007) :
The compressibility is the inverse of the bulk modulus (K) (MPa), which is related to the Young's modulus by Poisson's ratio (v) (Gercek, 2007; Jaeger et al., 2007) :
We did not explicitly measure K in these experiments; however, we assume a value of v = ~0.33, which is appropriate for claystones (Gercek, 2007) . In this case, K = E and the compressibility may be calculated as the inverse of the Young's modulus. In addition, we note that for a thin layer of frictional material, small perturbations in layer thickness occur at constant nominal contact area and thus changes in layer thickness are directly related to changes in volume. Under this assumption, K = E. For each sample, we fit multiple stress steps and the origin to compute the compressibility values.
Results

Frictional healing
Frictional healing exhibits a linear relationship with the logarithm of hold time for holds longer than 10 s for samples from both Sites C0004 and C0007 (Figs.
F8, F9).
For 1000 s holds, Δµ ranges from 0.009 to 0.023 for samples from Site C0004 and from 0.008 to 0.020 for samples from Site C0007 (Tables T2, T3) . Healing rates range from ~0.005 to 0.008 per decade for samples from Site C0004 and are slightly lower for samples from Site C0007, ranging from ~0.003 to 0.007 per decade ( Table T4 ). The healing rate exhibits a weakly increasing trend with depth at Site C0004 and a decreasing trend with depth at Site C0007 (Figs. F8, F9 ). There is little difference between sample healing rates from within fault zones compared to samples from wall rock.
Compaction
Compaction rate also generally exhibits a linear relation with the logarithm of hold time for holds longer than ~10 s (Figs. F10, F11 ). However, some samples exhibited slight nonlinearity, showing concave upward trends (Fig. F10 ). For 1000 s holds, normal strain (ε) from compaction ranges from 0.005 to 0.016 at both Sites C0004 and C0007 (Tables T2, T3) . Compaction rates for the two sites are also similar, ranging from ~0.002 to 0.007 per decade. Compaction data as a function of logarithmic hold time in the 10-1000 s range are well fit linearly, with R 2 > 0.95 for both sites, including those that show some nonlinearity (Table T4) . Compaction rates decrease with increasing distance from the fault zone at Site C0004 and appear to increase with depth at Site C0007.
Compressibility
Compressibility was calculated from linear fits to layer-normal strains in response to changes in effective normal stress; we conducted these experiments M.J. Ikari et al.
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Proc. IODP | Volume 314/315/316only for specimens from Site C0004 ( Fig. F12 ; Table  T5) . Compressibility values range from 0.89 to 3.85 GPa -1 , and the corresponding Young's modulus ranges from 0.26 to 1.12 GPa (Table T6) . Compressibility is highest within the fault zone but otherwise does not exhibit any clear trend downsection (Fig. F12) . Figure F1 . Map of the Nankai area showing the location of drill Sites C0004 and C0007 as well as the rupture areas (dashed boxes) and epicenters (stars) of the 1944 Tonankai and 1946 Nankaido earthquakes (modified from Kimura et al., 2008) Figure F2 . Profile of the accretionary prism along the Kumano transect in Figure F1 , showing drill Sites C0004 and C0007 and approximate sampling area (modified from Kimura et al., 2008) .
Site C0004
Depth ( Figure F6 . Time series during a slide-hold-slide sequence of (A) coefficient of friction and (B) compaction. Example shown is a 100 s hold period for Sample 316-C0007D-9R-2. Background compaction rate during sliding is due to geometrical sample thinning that does not affect compaction during the hold period. Figure F7 . Example of a set of normal stress steps (Δσ n ′) and resulting change in sample layer thickness (Δh) used to calculate sediment compressibility and Young's modulus. Site C0004 Table T4 . Parameters and best-fit curves for frictional healing and compaction. 
